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To the chief musician. A Psalm of David
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of the Most High he shall not be moved.
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Abstract
The effect of diet and time after feeding on microbial
crude protein (CP) and dry matter (DM) associated with
undigested rumen particles was investigated using
diaminopimelic acid (DAPA) as a microbial marker.

In a

subsequent experiment, in situ CP and DM digestibilities
were corrected for microbial contamination of non-masticated
and masticated (M) forages.

Particle-associated (PA)

microorganisms had a higher (PC.01) concentration of organic
matter (OM) than fluid microorganisms 2 and 23 h after
feeding.

Bacterial fraction had a higher (PC.01)

concentration of CP than protozoal fraction.

However, the

quantity of OM, CP and DAPA per ml of strained rumen fluid
equivalent were higher (PC.01) in the protozoal than in
respective bacterial fractions. In experiment two, CP and
DAPA concentrations (%) and quantity (mg/ml SRFE) of OM, CP
and DAPA were constant over time (P>.10) in fluid, looselyassociated (LA) and firmly-associated (FA) populations.
Mean CP and DAPA concentrations were in the order fluid > LA
> FA and fluid = FA C LA (PC.01) respectively.

The quantity

of OM, CP and DAPA were in the order FA > LA > fluid
(P=.07).

Over 50% of the PA population remained after

extensive washing of particles.

Microbial DM and CP

contamination, using values obtained from the FA population,
ranged from 10.3 to 22.3% and 46.3 to 95.3% of residual DM
and CP respectively.

All contamination increased (PC.01)
ix

with time of incubation, except DM contamination of alfalfa
hay (AH) and MAH.

Corrected digestibilities of DM (DMD) and

CP (CPD) were higher (P<.01) than apparent.

Lower digestion

lag times and faster rates of digestion were observed in
corrected compared with apparent DMD and CPD.

No

differences (P>.10) in lag times for digestibility of
neutral (NDFD) and acid detergent fiber (ADFD) occurred
among forages. Rate of NDFD was faster (P<.01) in AH than in
other forages.

The quantity of microbial CP contamination

(mg/g DM) was significantly correlated with corrected DMD,
CPD, NDFD and ADFD.

Trends for masticated forages were

similar to non-masticated, and except at some time points,
showed no differences (P>.10) in digestibility, lag time or
rates.

x

CHARACTERISTICS OF RUMEN FLUID AND PARTICULATE
MICROORGANISMS AND THE EFFECT OF PARTICULATE
MICROORGANISMS ON IN SITU FORAGE DIGESTIBILITY
Introduction
The microbial population of the rumen is composed of a
complex mixture of bacteria, protozoa, fungi and yeasts
which make up a collection of morphologically and
biochemically diverse species (Hungate, 1966; Bauchop,
1979).

Rumen contents are a heterogenous mixture of solid

and liquid.

The solid portion is derived from feedstuff

composed mainly of cellulose and starch (Minato et al.,
1966).

A wide variety of organic compounds are synthesized

from dietary and recycled endogenous constituents by the
dense rumen microbial population (Storm and 0rskov, 1983).
Thus the rumen microbial population contributes a
considerable part of the nutrient material entering the
small intestine of the ruminant that is ultimately utilized
by the host animal (Smith and McAllan, 1974).
Estimates of microbial nutrient synthesis have
generally been established using bacteria harvested from the
liquid fraction of rumen digesta.

The bacteria are obtained

by filtering whole rumen contents followed by differential
centrifugation of the fluid obtained.

The protozoal

fraction which is sedimented at slow speeds is discarded,
and the bacterial fraction pelleted at high speeds is
retained (Smith and McAllan, 1974; Dufva et al., 1982; Storm
and 0rskov, 1983).

This procedure is an attempt to reduce

microscopic plant contamination, and assumes that chemical
compositions of bacteria isolated from the liquid phase of
digesta are representative of the total microbial population
leaving the rumen.

However, protozoa may make up a

considerable proportion of the total rumen microbial mass
(Van Soest, 1983), contribute significantly to the microbial
ecology of the rumen and contain ingested and adherent
bacteria (Clarke and Bauchop, 1977).
Several researchers have, with the aid of microscopes,
also shown bacteria (Akin and Barton, 1983), protozoa (0rpin
and Hall, 1977; 0rpin and Letcher, 1978) and fungi (Bauchop,
1979) attached to plant particles in vitro and in vivo.
Attachment is rapid, occurring anywhere from a few minutes
(Minato and Suto, 1981; 0rpin, 1980) to several hours
(Latham et al., 1978b; Bauchop, 1979), and tenacious (Akin,
1980; Dehority and Grubb, 1980; Minato and Suto, 1981).

It

occurs preferably on damaged or cut tissue (Latham et al.,
1978b; Bauchop, 1979, Hastert et al., 1983).

Attachment may

be mediated by: exposure of substrates in plant cell wall to
enzymes as a result of damage which creates an ionic charge
(Latham et al., 1978a); a chemotaxic response to plant
protein and simple sugars (0rpin and Letcher, 1978); or
slime which extends away from the bacterial cell (Akin et
al., 1974; Cheng et al., 1977).

Attached microorganisms

have been reported to contain higher polysaccharide
concentrations than fluid microorganisms, presumably because

of direct attachment to the source of energy (Craig et al.,
1987b). In addition they have a better chance of obtaining
growth factors and energy sources for growth compared with
fluid microorganisms (Minato and Suto, 1978).
These factors favor the existence of a substantial
(Forsberg and Lam, 1977; Craig-et al., 1987a) and viable
(Forsberg and Lam, 1977) particle-associated population.
The procedures normally used for estimating microbial
numbers, are therefore underestimates of the total viable
count because some of the microorganisms remain attached to
particulate matter and are not counted (Dehority and Grubb,
1980).

Knowledge of the chemical composition of the

particle-associated population in addition to the fluid
population, and how this population varies is necessary for
a proper understanding of the nutrition of the host animal
and an accurate determination of the contribution of
microbial nutrients to rumen digesta (Smith and McAllan,
1974).

However, only a few direct in vivo comparisons have

been made between fluid and particle-associated
microorganisms (Merry and McAllan, 1983; Storm and 0rskov,
1983; Craig et al., 1987a), and fewer still (Storm and
0rskov, 1983) have examined the protozoal fraction, probably
due to the difficulty of isolating good preparations of
particle-associated microorganisms and protozoa (Storm and
0rskov, 1983).

The in situ technique of feed evaluation involves
measuring the disappearance of feed constituents from dacron
or nylon bags incubated in the rumen for varying lengths of
time (Mehrez and 0rskov, 1977).

Interest in the use of this

technique has been prompted by the need for an inexpensive,
rapid and easily reproducible method of measuring the
proportions of feed constituents susceptible to fermentation
in the rumen (Van Keuren and Heinemann, 1962; Mehrez and
0rskov, 1977; Varvikko and Lindberg, 1985).

There is also a

need to know the amount of nutrients available for rumen
microbial activity and ultimately to the host animal (Mehrez
and 0rskov, 1977).

Although it is usually assumed that in

situ residues are free of microbial contamination, the
tenacious adherence of rumen microorganisms to rumen
particles (Minato and Suto, 1978; Akin, 1980; Dehority and
Grubb, 1980; Leedle et al., 1982; Craig et al., 1987a) and
the existence of a viable particle-associated population
(Forsberg arid Lam, 1977) suggests that incubated feed
samples are significantly contaminated with microorganisms.
Some workers have attempted to correct nominally
incubated in situ feed residues for microbial contamination
using a variety of methods such as 1%, ^5S labelled
compounds and DAPA.

However with the exception of Kennedy

et al. (1984), these attempts have used microorganisms
obtained from the fluid phase of the rumen (Mathers and
Aitchison, 1981; Varvikko and Lindberg, 1985; Nocek and

Grant, 1987).

Fluid microorganisms have been observed to

differ considerably in some metabolites suggesting different
compositions and metabolic activities (Merry and McAllan,
1983; Craig et al., 1987b).

It may therefore be necessary

to correct in situ forage residues for particle-associated
microorganisms in order to accurately estimate digestibility
using the in situ technique.
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CHAPTER 1
CHARACTERISTICS OF PROTOZOAL AND BACTERIAL FRACTIONS OBTAINED
FROM RUMEN FLUID AND PARTICLE-ASSOCIATED MICROORGANISMS
Introduction
It is sometimes necessary to quantitate the total rumen
microbial mass in order to estimate microbial protein
synthesis and its contribution to digesta entering the small
intestine.

The usual methods of obtaining rumen

microorganisms involve filtering whole rumen contents,
followed by differential centrifugation of the fluid
obtained (Czerkawski, 1974; Smith and McAllan, 1974;
Forsberg and Lam, 1977; Dufva et al. 1982; Merry and
McAllan, 1983; Storm and 0rskov, 1983). Subsequently, the
protozoal fraction sedimented at slow speeds is discarded
while retaining the bacterial fraction pelleted at high
speeds (Smith and McAllan 1974; Dufva et al., 1982).

This

scheme supposedly reduces microscopic plant contamination of
microbial samples and assumes the microbial fraction
obtained is representative of the total rumen microbial
population.

Erroneous interpretations can result from this

approach because protozoa may make up a considerable
proportion of the total rumen microbial mass (Van Soest,
1983), contribute significantly to the microbial ecology of
the rumen and contain ingested and adherent bacteria
(Czerkawski, 1974; Forsberg and Lam 1977; Church, 1983).
Electron microscopy studies have revealed bacteria (Cheng et
al. 1983/84) and protozoa (Bauchop, 1980) attached to feed
11
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particles in the rumen.

Also, microorganisms associated

with particles may constitute a large proportion of the
rumen microbial population (Forsberg and Lam 1977; Merry and
McAllan 1983; Craig et al. 1987a).

If a significant

proportion of the total rumen microorganisms are associated
with undigested particles, measurements pertaining to and
techniques utilizing rumen microbes should consider
particulate as well as fluid populations.

The objective of

this study was to investigate the effect of diet on the
total microbial mass associated with both the fluid and
particulate microbial populations of the rumen.

Materials and Methods
Four ruminally cannulated steers with an average weight
of approximately 400 kg were fed either a concentrate diet
consisting of 40% corn, 20% soybean meal and 40% alfalfa hay
or an all alfalfa hay diet every 24 h.

Soybean meal was

added to the concentrate diet to obtain a crude protein (CP)
concentration similar to that in the alfalfa hay diet.
However, the percent CP (DM basis) of the high concentrate
diet (20.7) was higher than the alfalfa diet (16.6).

Steers

were randomly assigned to a diet for period 1 and then
switched to the other diet for period 2.

Each period was

for a duration of 14 d before collection.

Each steer had

continuous access to trace mineral salt and water.

Feed was

available for 2 h and any orts were removed after this time.

Whole rumen contents (WRC) were sampled 2 h and 23 h after
initiation of feeding (AF) to observe the immediate effect
of feed ingestion on microbial fractions.

Samples of WRC

were obtained by taking subsamples from the reticulum and
from dorsal, caudal and ventral regions of the rumen.
Whole rumen contents were partitioned into fluid (F)
and particle-associated (PA) microbial populations.

Fluid

microorganisms were obtained by squeezing WRC through 8
layers of cheesecloth.

The strained rumen fluid (SRF)

obtained was then refiltered through another 8 layers of
cheesecloth in a funnel with a thin layer of glass wool at
the neck to aid in removal of plant particles.

Particle-

associated microorganisms were obtained using a modification
of the procedure of Craig et al. (1987a).

Squeezed rumen

particles (SRP; 200-250 g wet weight) were weighed into a
jar containing 600 ml chilled .85% w/v saline solution.
Contents were chilled for 1 h in a chest of ice (Dehority
and Grubb, 1980), blended for 5 to 10 s, and washed 4 times
through 8 layers of cheesecloth with 250 ml of .85% saline
each time.

The fluid obtained was also refiltered through

another 8 layers of cheesecloth in a funnel similar to that
described above.

Total volume of extraction media for PA

was 1600 ml, but only 1400 to 1500 ml were centrifuged due
to some of the saline being retained in the SRP or
cheesecloth.

14
Protozoal fractions were obtained for both PA and F
populations by centrifugation at 650 xg for 6 min at 4 C.
Protozoa because they are larger and heavier sedimented out
first at the slow centrifugal force leaving the bacteria in
the supernatant.

Bacterial deposits were also obtained for

both populations by centrifuging the protozoal supernatants
at 25,000 x 2 for 30 min at 4 C.

Deposits of both protozoal

and bacterial fractions were washed once with .85% saline
and recentrifuged.
All microbial fractions and samples of rumen particles
were lyophilized and allowed to equilibrate at room
temperature for 3 d before determination of dry matter (DM),
organic matter (OM) and Kjeldahl nitrogen (N) (AOAC, 1984).
Acid detergent fiber (ADF) of microbial samples was
determined using the procedure of Goering and Van Soest
(1970).

Neutral detergent fiber (NDF) was not used as an

indicator of plant contamination because a preliminary study
indicated filtration problems occurred with NDF and values
obtained were highly variable.

Acid detergent fiber

analytes of the microbial deposits were pooled across time
due to the small quantities available.
Diaminopimelic acid (DAPA) was determined by a
modification of the procedures of el-Shazly and Hungate
(1966) and Czerkawski (1974).

Samples (100-150 mg) were

hydrolyzed in 15 ml of 6N HC1 for 18 h at 105 C.

A 5 ml

aliquot was added to 11.8 ml of pH 12.8 NaOH/citrate buffer

to obtain a final pH of approximately 2.

Six ml of filtered

(.2 uni pore size), pH 2 hydrolysate were passed through

9

cm of amberlite resin column (CG 120, 100-200 mesh) using a
two buffer system (Czerkawski, 1974), and DAPA was
determined using the acid-ninhydrin procedure described by
el-Shazly and Hungate (1966).

Proline also gives a yellow

color with ninhydrin and may interfere with detection of
DAPA (Czerkawski, 1974).

However when using this technique

in a preliminary study, all added proline was removed.
During sample runs duplicate quantities of DAPA were
hydrolyzed for every 18 samples analyzed.

Mean recoveries

of DAPA using the described procedure were 96.7 ± 6.7%.
Fluid microorganism values were expressed as mg OM/ml
SRF.

The amount of SRF collected ranged from 580 to 1890 ml

of which 500 ml were centrifuged.

The mean ratio of SRF

(ml) to squeezed particle DM (g) was 2.4:1.

For comparison

purposes, PA microorganisms were expressed on a strained
rumen fluid equivalent (SRFE) basis, which was computed
using the equation:
mg OM/ml SRFE = ______ microbial deposit (mg OM)____
(g SRP DM) X (ml SRF/g SRP DM) X CF
where mg OM deposit was obtained after centrifuging
extraction solution; g SRP DM was the dry weight of the SRP
from which each microbial deposit was obtained; ml SRF/g SRP
DM was the volume of SRF corresponding to each g of SRP; and
CF was the correction factor obtained by dividing the amount
of extraction fluid centrifuged (1400 to 1500 ml) by the
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amount extracted (1600 ml).
Supernatants obtained from the centrifugation of
extraction solutions, as well as suspensions of protozoa and
bacteria deposits, were examined at 1000 x magnification bydifferential interference microscopy, using .35M KCl
dilutions that ranged from 1:5 to 1:12.5 depending on the
concentration of the original solution.
The experimental design was a crossover with a split
plot and factorial (2^) arrangement of treatments (Steel and
Torrie, 1980).

Diet, which was the whole plot treatment,

was crossed over the four animals.

Time of sample

collection (2 vs 23 h), microbial population (fluid vs
particle-associated), microbial fraction (bacterial vs
protozoal), the interaction of these factors with each other
and with diet were the subplot treatments.

The General

Linear Models procedure (SAS, 1986) was used in analysis.
Comparisons between F and PA populations were made by
pooling bacterial and protozoal fractions within the
population (Steel and Torrie, 1980).

Results and Discussion
The OM, CP and DAPA concentrations of bacterial and
protozoal fractions are presented in table 1.

Microbial

data were expressed on OM basis due to differences in ash
concentrations which, ranged from 12.0 to 21.6% of DM.

This

range in ash content is similar to that observed in other
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studies (Smith and McAllan, 1973; Merry and McAllan, 1983;
Storm and 0rskov, 1983; Craig et al. 1987b).

Across diet,

time and population, organic matter concentrations of the
bacterial fraction were higher (P<.01) than those of the
protozoal fraction.

Storm and 0rskov (1983) reported the OM

content of the protozoal fraction was slightly lower than
the bacterial fraction obtained from the rumen.

The

concentration of OM in PA populations was higher (PC.01)
than in F populations.

This agrees with the findings of

Merry and McAllan (1983) who reported that solid associated
bacteria contained a higher concentration of OM than liquid
associated bacteria.
Crude protein concentration of protozoal fractions was
lower

( P C . 01)

than respective bacterial fractions.

Storm

and 0rskov (1983) also observed that the N concentration of
the protozoal fraction was lower than bacterial fractions
obtained from rumen contents of animals on various diets
(8.5 vs 10.0% of DM).

The decrease in CP concentrations of

the protozoal fraction can be due to contamination by
particulate matter and (or) decreased CP concentrations of
protozoa as, compared to bacteria (Hungate, 1966).

Across

time, population and fraction, diet did not have an effect
(P>.10) on CP concentration (55.1 vs 54.6).

Across diet,

population and fraction, crude protein was consistently
higher

( P C . 01)

at 23 h AF than 2 h AF.

McAllan and Smith

(1977) and Craig et al. (1987b) observed a decrease in CP of

TABLE 1.

ORGANIC MATTER, CRUDE PROTEIN AND DIAMINOPIMELIC ACID CONCENTRATIONS OF BACTERIAL AND PROTOZOAL FRACTIONS
Concentrate

Component

Populations

Organic matter*30
(X DM)

2h after feeding
Fluid
Particle-associated

Bacterial

Protozoal

80.2
88.0

81.1
85.2

80.0
86.5

Alfalfa
SEa

Bacterial

Protozoal

SEa

1.42
0.83

80.2
88.0

80.0
82.1

1.41
1.28

82.1
80.1

1.75
1.42

80.0
86.5

80.4
78.4

1.75
1.62

58.7
55.3

68.0
45.2

2.84
2.11

60.4
51.0

45.9
44.9

2.96
1.41

Fluid
Particle-associated

62.1
62.2

55.0
54.3

2.07
1.79

70.1
59.5

52.8
52.5

3.38
1.38

2h after feeding
Fluid
Particle-associated

37.9
28.1

22.4
26.3

3.07
0.90

39.3
30.2

24.3
24.3

3.08
1.20

39.A
35.3

26.3
29.8

3.16
1.66

35.4
32.7

22.5
25.4

2.56
1.51

3.2
2.1

6.3
5.6

0.67
0.71

2.4
3.6

10.8
11.1

1.61
1.47

23h after feeding
Fluid
Particle-associated
Crude protein*31*
(% OM)

2h after feeding
Fluid
Particle-associated
23h after feeding

Diaminopimelic
acid (mg/g N)

23h after feeding
Fluid
Particle-associated
ADF (X OM)f

Across Time
Fluid
Particle-Associate

.Common standard error of treatment means with n=4.
Bacterial higher than protozoal fraction (PC.01).
^Particle-associated population higher than fluid population (P<.01).
23 h after feeding higher than 2 h after feeding (PC.01).
^Bacterial fluid population higher than particle-associated population (PC.05).
Protozoal ADF higher than bacterial ADF (PC.05).
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microorganisms after feeding, due in part, to dilution byincreased microbial polysaccharide concentrations.
Diaminopimelic acid concentrations (mg/g N) were higher
(PC.01) in bacteria than in protozoa (34.8 vs 25.2). Because
protozoa are not known to contain any DAPA, the large
quantities of DAPA found in the protozoal fraction are
presumably due to contamination with bacteria.

Others

(Czerkawski, 1974; Forsberg and Lam, 1977; Church, 1983)
reported contamination of the protozoal fraction with
bacterial, and subsequent contamination with DAPA due to
bacteria ingestion and adherence to the protozoa
(Czerkawski, 1974).

Further evidence in this study for

bacterial contamination was obtained from differential
interference microscopy which revealed protozoa surrounded
by large clumps of bacteria (figure 1).

Bacteria were also

associated with particulate matter (figure 2) or free
floating in clumps in resuspended deposits of protozoal
fractions.

Similar observations have been made by others

(Dehority and Grubb, 1980), and all these factors can
contribute to the large proportion of DAPA found in the
protozoal fraction.
Merry and McAllan (1983) reported solid associated
bacteria contained significantly less DAPA and DAPA-N:total
N than liquid associated bacteria.

In this study, a similar

observation was observed for the bacterial fraction because
DAPA content in the F population was higher (P<.05) than in

FIGURE 1. DIFFERENTIAL INTERFERENCE PHOTOMICROGRAPH OF PROTOZOA IN
ASSOCIATION WITH BACTERIA IN PROTOZOAL FRACTION (1000X).

FIGURE 2.

DIFFERENTIAL INTERFERENCE PHOTOMICROGRAPH OF A PARTICLE WITH
ASSOCIATED BACTERIA IN PROTOZOAL FRACTION (1000X).

£

the PA population across diets and time (38.0 vs 31.6) and
may be due to differences in bacterial composition.
Differences in DAPA due to population were not observed
(P>.05) for the protozoal fraction
diets and time.

The

(23.9 vs

lower percent OM and N

26.5) across
observedforthe

protozoal fraction compared with the bacterial fraction is
in part due to a higher contamination with bacteria or plant
matter of the protozoal fraction.

Acid detergent fiber

(ADF) content of both bacterial and protozoal deposits was
used as an indicator of plant contamination.

Mean ADF

content of the protozoal fraction was higher (P<.05) than
the bacterial fraction (table 1).

Contamination of the

bacterial fraction was similar for both diets.

However,

there was higher contamination of the protozoal fraction
with alfalfa compared with the concentrate diet.

Because

the concentrate diet

contains less ADF (17.0 vs 36.4 %), the

lower ADF content of

the protozoal fraction

necessarily mean less feed contamination.

does not

More work is

needed on developing an adequate technique to quantitate
plant contamination of microbial deposits.
The quantities of OM and CP (mg) and DAPA (ug) per ml
SRFE for bacterial and protozoal fractions are presented in
table 2.

Analysis of main effects indicated the protozoal

fraction contained more (P<.01) OM, CP and DAPA than the
bacterial fraction.

The quantity of bacterial OM ranged

from 1.1 to 3.8 mg/ml SRFE across diets while that of the

protozoal fraction ranged from 3.2 to 14.6 mg/ml SRFE.
Protozoal fractions ranged from 2.4 to 12 times greater in
mg OM/ml SRFE than respective bacterial fractions (table 2).
Crude protein was 2.1 to 10.5 times greater in the protozoal
fraction than the bacterial fraction and DAPA ranged from
1.3 to 4.9 times greater for the protozoal fraction.

The

protozoal fraction had a greater quantity (PC.01) of OM, CP
and DAPA because it represented a larger proportion of the
microbial cell mass and also contained bacteria as well as
protozoa.
finding.

Forsberg and Lam (1977) observed a similar
Fractionation of SRF resulted in the isolation of

a protozoal fraction with a 10-fold higher ATP concentration
than that of the rumen bacterial fraction.

These results

indicate that a large proportion of the total viable mass is
associated with the protozoal fraction.
A wide range of conditions have been used in the past
to obtain protozoal fractions.

The procedure used in this

study (650x2 f°r 6 min) falls well within the range of that
used by other workers (Czerkawski, 1974; Smith and McAllan,
1974, Forsberg and Lam, 1977; Storm and 0rskov, 1983).

A

method to separate microorganisms from plant material
without loss of microorganisms is probably not a practical
approach because of the close association of bacteria and
protozoa with particulate matter.
Percent recovery of PA microorganisms and total organic
matter content (mg/ml SRFE) of F and PA populations are

TABLE 2.

ORGANIC MATTER, CRUDE PROTEIN AND DIAMINOPIMELIC ACID CONTENT OF BACTERIAL AND PROTOZOAL FRACTIONS
Concentrate

Component

Populations

Organic matter
(mg/ml SRFE)

2h after feeding
Fluid
Particle-as sociated

Alfalfa

Bacterial

Protozoal

SE

P/B

SEb

P/Bc

1.7
3.8

11.7
14.6

2.38
3.46

6.9
3.7

1.1

2.3

3.2
5.4

0.54
0.93

2.7
2.8

1.3
3.8

14.1
12.3

3.15
3.16

12.0

1.1
3.0

3.5
7.5

0.64
1.35

3.3
2.4

1.0
2.1

5.6
6.5

1.11
1.44

5.9
3.0

0.7
1.2

1.5
2.9

0.29
0.42

2.1
2.5

0.8
2.3

7.7
6.7

1.71
1.73

10.5

0.7
1.8

1.8
3.9

0.30
0.69

2.5
2.1

6.1

9.3

19.8
26.4

3.52
5.65

3.5

4.2
5.6

5.3
11.3

0.59
1.51

1.3
2.0

4.9
13.2

21.1
31.0

5.20
7.29

4.9

4.1
9.4

6.5
16.0

0.96
2.70

1.6
1.7

Bacterial

Protozoal

23h after feeding
Fluid
Particle-associated
Crude protein
(mg/ml SRFE)

3.0

2h after feeding
Fluid
Particle-associated
23h after feeding
Fluid
Particle-associated

Diaminopimelic
acid
.
(Ug/ml SRFE)

2.6

2h after feeding
Fluid
Particle-associated

2.8

23h after feeding
Fluid
Particle-associated

2.1

fProtozoal fraction higher than bacterial fraction (P<.01).
Common standard error of treatment means with n=4.
^Ratio of protozoal to bacterial fraction.
Particle-associated population higher than fluid population (P<.01).

to

>fc.
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presented in table 3.

Recovery of PA microorganisms was

calculated using DAPA as a marker and was computed by
dividing particle DAPA (mg/g of particle DM) by that of
microbial deposit (mg/g of deposit DM) extracted from the
same sample.

Recovery of PA microorganisms ranged from 33

to 54% and was lower (PC.05) at 2h AF than at 23 h AF.
Craig et al. (1987a), using ^5N, recovered 32 to 52% of PA
microorganisms, the proportion of which increased with time
after feeding.

The values in this study also agree with

those of Merry and McAllan (1983) who recovered 51 and 36%
of the DAPA from the fiber fraction of rumen contents using
NaCl washes with and without homogenization respectively.
These results and those of others (Dehority and Grubb, 1980;
Leedle et al.,1982) indicate that PA microorganisms tightly
adhere to particulate matter and are not easily removed even
with extensive extraction procedures.
Making the assumption that the recovered fraction is
representative of the total microbial population, the total
amount of OM (mg/ml SRFE) can be calculated for the PA
population (Craig et al. 1987a).

Across diet and

population, OM was higher (PC.10) 2 h AF than 23 h AF (24.4
vs 17.3).

Across time and diet, most (PC.01) of the total

microbial mass was due to the PA population (66-86% of
total). These values are similar to those reported by
others (Forsberg and Lam, 1977; Craig et al. 1987b).

Across

time, microbial mass (mg OM/ml SRFE) was higher in F (14.4

A

TABLE 3. RECOVERY OF PARTICLE-ASSOCIATED MICROORGANISMS AND TOTAL ORGANIC MATTER CONTENT OF FLUID
AND PARTICLE-ASSOCIATED POPULATIONS
Particleassociated
Recovery
--

%

Particle-^
associated

Fluid
------

--

Total

mg OM/ml SRFE -----

2h after feeding0
Concentrate
Alfalfa

32.9
34.0

13.4(19.7)d
4.3(14.4)

54.6(80.3)
25.4(85.6)

68.0
29.7

50.3
54.0

15.4(33.6)
4.6(19.6)

30.4(66.4)
18.7(80.4)

45.8
23.2

23h after feeding0
Concentrate
Alfalfa
SEe

2.88

1.78

5.92

aRecovery of particle-associated microorganisms due to extraction procedure was calculated as mg DAPA recovered divided by mg
•DAPA added.
°2h AF higher than 23h AF (P<.10).
.Particle-associated higher than fluid population (P<.01).
Values in parentheses are percent of the total microbial OM associated with each fraction.
Common standard error of treatment means with n=4.

M
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vs 4.5; P<.10) and PA (42.5 vs 22.1; P<.01) populations on
the concentrate compared with alfalfa diet.
Data from this study indicate the protozoal fraction
should not be discarded because it contains a large
proportion of the total OM, CP and DAPA.

Acid detergent

fiber analysis indicates more plant contamination in the
protozoal fraction compared with the bacterial fraction (8%
OM vs 3% OM).

Inclusion of the protozoal fraction will

cause an overestimation of the total microbial OM.

In this

study, residual fiber as measured by ADF, will result in an
overestimate in total microbial OM of approximately 3 to 8%
as compared with bacterial fraction alone.

However,

discarding the protozoal fraction will cause a drastic
decrease in the total estimate of OM (ranging from 240 to
1200%).

Plant contamination of total microbial nitrogen and

DAPA will be less than OM contamination because undigested
plant material would be expected to contain smaller
quantities of N than microorganisms and no DAPA (Craig et
al. 1987a).

Literature Cited
AOAC.

1984.

Official Methods of Analysis.

Association of

Official Analytical Chemists, Washington, DC.
Bauchop, T. 1980.

Scanning electron microscopy in the study

of microbial digestion of plant fragments in the gut
In: Contemporary Microbial Ecology (Ellwood, D. C.,
Hedger, J. N., Latham, M. J., Lynch, J. M., and Slater,
J. H., eds), pp. 305-326, Academic Press, New York,
N. Y.
Cheng, K. J., C. S. Stewart, D. Dinsdale and J. W.
Costerton. 1983/84.

Electron microscopy of bacteria

involved in the digestion of plant cell walls.

Anim.

Feed Sci. Technol. 10:93.
Church, D. C. 1983. Digestive Physiology and Nutrition of
Ruminants. O & B Books Inc., Corvallis OR.
Craig, W. M., G. A. Broderick and D. B. Ricker. 1987a.
Quantitation of microorganisms associated with the
particulate phase of ruminal ingesta.

J. Nutr. 117:56.

Craig, W. M., D. R. Brown, G.A. Broderick and D.B. Ricker.
1987b.

Post-prandial compositional changes of fluid

and particle-associated ruminal microorganisms.

J.

Anim. Sci. (In press).
Czerkawski, J. W. 1974.

Methods for determining 2-6-

diaminomipimelic acid and 2-aminoethylphosphonic acid
in gut contents.

J. Sci. Food. Agric. 25:45.

28

Dehority, B. A. and J. A. Grubb. 1980.

Effect of short-term

chilling of rumen contents on viable bacterial numbers.
Appl. Environ. Microbiol. 39:376.
Dufva, G. S., E. E. Bartley, M. J. Arambel, T. G. Nagaraja,
S. M. Dennis, S. J. Galitzer and A. D. Dayton. 1982.
Diaminopimelic acid content of feeds and rumen bacteria
and its usefulness as a rumen bacterial marker.

J.

Dairy Sci. 65:1754.
el-Shazly, K. and

R. E. Hungate. 1966.

Method for

measuring diaminopimelic acid in total rumen contents
and its application to the estimation of bacterial
growth.

Appl. Environ. Microbiol. 14:27.

Forsberg, C. W. and K. Lam. 1977.

Use of adenosine 5-

triphosphate as an indicator of the microbiota biomass
in rumen contents.

Appl. Environ. Microbiol. 33:528.

Goering, H. K. and P. J. Van Soest. 1970.

Forage fiber

analysis. Agric. Handbk. No 379, Agric. Res. Serv.,
USDA, Washington, DC.
Hungate, R. E. 1966.

The Rumen and Its Microbes.

Academic

Press, NY.
Leedle, J. A. Z., M. P. Bryant and R. B. Hespell. 1982.
Diurnal variations in bacterial numbers and fluid
parameters in ruminal contents of animals fed low- or
high-forage diets.

Appl. Environ. Microbiol. 44:402

McAllan, A. B. and R. H. Smith.

1977.

Some effects of

variation in carbohydrate and nitrogen intakes on the

chemical composition of mixed rumen bacteria from young
steers.

Brit. J. Nutr. 37:55.

Merry, R. J. and A. B. McAllan. 1983.

A comparison of the

chemical composition of mixed bacteria harvested from
the liquid and solid fractions of rumen digesta.

Brit.

J. Nutr. 50:701.
SAS. 1986.

SAS User's Guide.

Statistical Analysis System

Institute, Cary, NC.
Smith, R. H. and A. B. McAllan.
of rumen bacteria.

1973.

Chemical composition

Proc. Nutr. Soc. 32:9A.

Smith, R. H. and A. B. McAllan.

1974.

Some factors

influencing the chemical composition of mixed rumen
bacteria.
Storm, E. and

Brit. J. Nutr. 31:27.
R. E. 0rskov.

1983.

The nutritive value of

rumen micro-organisms in ruminants. 1. Large scale
isolation and chemical composition of rumen
microorganisms.

Brit. J. Nutr. 50:463.

Steel, R. G. D. and J. H. Torrie.
procedures of Statistics.
Van Soest, P. J.

1983.

1980.

Principles and

McGraw-Hill Book Co., NY.

Nutritional Ecology of the

Ruminant. O & B Books Inc. Corvallis, OR.

CHAPTER 2
QUANTITY AND CHARACTERISTICS OF MICROORGANISMS
ASSOCIATED WITH RUMEN FLUID AND PARTICULATE PHASES
Introduction
Through use of electron microscopy, researchers have
demonstrated the attachment of rumen bacteria (Cheng et al.,
1977; Akin and Barton, 1983;) protozoa (0rpin and Hall,
1977; 0rpin and Letcher, 1978) and fungi (Bauchop, 1979) to
rumen particles in vitro as well as in vivo.

The existence

of a viable rumen particle-associated microbial population
in addition to a fluid population was demonstrated by
Forsberg and Lam, 1977.

This observation coupled with the

finding that a significant proportion of rumen microbial
mass is associated with plant particles in the rumen
(Forsberg and Lam, 1977; Craig et al., 1987a; Olubobokun et
al., 1987) suggests that feed particles incubated in the
rumen for any length of time will be

colonized by rumen

microorganisms.
Different methods have been used to quantify the amount
of microbial nitrogen (N) associated with undigested feed
material in situ.

Mathers and Aitchison (1981), using 35S

incorporation, found that approximately 20% of residual N in
incubated alfalfa samples was of microbial origin and that
degradability of alfalfa was significantly higher when data
were corrected for microbial contamination.
(1984) using both 35S and

Kennedy et al.

observed that bacterial
31
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contamination increased with time of incubation from
approximately 15 to 50% and from 45 to 74% for
respectively.

and ^5N

Nocek and Grant (1987) using DAPA found up to

90% microbial N contamination of in situ residues.
In previous studies, microorganisms from fluid phase
have been used to determine the ratio of DAPA to microbial N
to subsequently determine the quantity of microbial N
associated with undigested residue (Varvikko and Lindberg,
1985; Varvikko, 1986; Nocek and Grant, 1987).

The

objectives of this study were to estimate the microbial N
and DM associated with undigested feed particles, quantitate
the removal of microorganisms after washing in situ bags
containing forage material and compare digestibility
measurements using DAPA ratios obtained from particleassociated and fluid microorganisms.

Materials and Methods
Two ruminally cannulated steers each weighing
approximately 400 kg, were fed a diet of 57% bermudagrass
hay, 37% alfalfa hay and 6% concentrate mix once a day at
0700 h.

Feed consumption was approximately 2% of body

weight.

Steers were allowed to consume feed for 30 min

before removal and were fed in this manner for 10 d before
initiation of the first of two sampling periods.
separated the first and second periods.

Ten days

Both steers had

continuous access to trace mineral salt and water.
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Bags measuring 9x18 cm were made from dacron material
with an average pore size of 52 urn (Weakley et al., 1983).
Bags were made with double sewn seams (Weakley et al., 1983;
Nocek and Grant, 1987) and curved corners to avoid
accumulation of test feed and facilitate easy removal of
feed residues.
Incubated samples were either masticated (M) or non
masticated alfalfa hay (AH), orchardgrass hay (OGH) and
bermudagrass hay (BGH). Masticated samples were obtained
from an animal fitted with an esophageal fistula,
lyophilized and allowed to air equilibrate.

Non-masticated

samples were chopped to 1 to 3 cm particle length to mimic
size of masticated samples.

Approximately 3 g sample of

each forage were placed in duplicate dacron bags which were
secured tightly with nylon strings, and incubated in the
rumen of both steers for 6, 12, 24, 48 and 96 hours.
Placement in the ventral sac of the rumen was facilitated by
tying the bags to three feet of a 1.9 cm thick nylon cord
which was anchored with 125 ml weighted Nalgene bottles.
The other end of the cord was clipped to the cannula.
Twelve bags were staggered on each cord, resulting in a
total of five cords per steer.

All bags were placed in the

rumen immediately upon initiation of feeding.

Upon removal

at each specified time point, bags were rinsed lightly in
tap water, to remove particulate matter adhering to the
outside and fluid within the bag.

After transporting to the

laboratory, bags were washed and squeezed three times each
time in 1 L of .85% w/v saline.

Preliminary work had

indicated that 3 L of saline were sufficient to adequately
wash incubated dacron bags, and that the effluent obtained
from further washings was not clearer than that obtained
from 3 washings.

Washing with 3 L of saline was designed to

remove rumen microorganisms associated with undigested
residues and to mimic the washing procedure normally used
with in situ bags.
Whole rumen contents (WRC) were also removed at the
same time dacron bags were removed.

Representative samples

of rumen contents were obtained by taking WRC subsamples
from the reticulum and from ventral, medial and caudal
locations of the rumen.

Subsamples were composited and

partitioned into fluid and particle-associated
microorganisms.

Fluid microorganisms were obtained using a

modification of the procedure of Olubobokun et al. (1987).
Whole rumen contents were squeezed through 8 layers of
cheesecloth.

Squeezed WRC (SWRC) residue was washed once

with .85% w/v saline equivalent to 20% of the strained rumen
fluid (SRF) obtained to remove residual fluid microorganisms
(Craig et al., 1987a).

The microorganisms obtained in SRF

plus saline wash were defined as the fluid population.
After refiltering through another eight layers of
cheesecloth, the fluid was centrifuged (25,000xg, 30 min 4
C) to obtain a microbial deposit.

Particle-associated microorganisms were further divided
into "loosely-associated" (LA) and "firmly-associated" (FA)
microorganisms.

"Loosely-associated" microorganisms were

obtained by weighing approximately 41 to 70 g dry weight of
SWRC into a 20x20 cm dacron bag, securing tightly with nylon
string, washing three times, each time with 1 L of .85 w/v
saline and filtering the fluid through 8 layers of
cheesecloth.

"Loosely-associated" microorganisms represent

those typically removed when in situ bags are washed.
"Firmly-associated" microorganisms represent those remaining
on undigested residue after washing.

A portion of the FA

microorganisms was obtained by a modification of the
procedure of Craig et al. (1987a).

Washed particles

obtained from the saline wash of LA microorganisms were
placed into a jar containing 600 ml chilled .85% w/v saline
solution, chilled for 1 h in ice, blended for 10 sec, and
washed four times through eight layers of cheesecloth with
250 ml of .85% w/v saline each time.

Microbial deposits for

LA and FA microorganisms were obtained by centrifuging 1500
ml of the fluid (25,000x2, 30 min, 4 C).
Organic matter (OM), crude protein (CP) and
diaminopimelic acid (DAPA) content of fluid microorganisms
were expressed on mg/ml SRF. The amount of SRF collected
ranged from 520 to 1280 ml of which 600 ml were centrifuged
when possible.

The mean ratio of SRF (ml) to SWRC (g dry

matter) (DM) was 4.9.

In order to make valid comparisons,

between fluid and particle-associated microorganisms, OM, CP
and DAPA content of particle-associated microorganisms were
expressed on a SRF equivalent (SRFE) basis.

Data for

"loosely-associated" microorganisms (mg OM, CP or DAPA/ml
SRFE) was calculated as:
mg/ml SRFE = [(mg in centrifuged deposit -s- ml SRF obtained)
+ SWRC-Corr]
Where SWRC-Corr was the g of SWRC in dacron bag * g SWRC
obtained.

Data for FA microorganisms were obtained in the

same manner but additionally corrected for the recovery of
DAPA in FA microbial deposit due to the extraction process
(Craig et al., 1987a).

This recovery reflects the

proportion of FA microorganisms obtained as a result of
chilling, blending and multiple extractions.

The mean

recovery of FA DAPA was 23%.
The quantity of microbial DM or CP contamination of in
situ residue was subtracted from total DM or CP to obtain
corrected digestibilities.

The quantity of contamination

was calculated as:
% contamination of microbial DM or CP = [in situ DAPA
residue (mg DAPA/ g DM or g CP) -s- DAPA in microbial deposit
(mg DAPA /g DM or g CP)] X 100.
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Apparent and corrected digestibilities of DM and CP
were calculated using the equation:

% corrected DM or CP digestibility = [(g insoluble DM or CP
added) - (g residue remaining - g microbial DM or CP
contamination)
g DM or CP insoluble DM or CP added]
X 100

Contamination and subsequently corrected digestibilities
were determined using the DAPA of fluid, LA or FA microbial
content deposits to determine if measurement of corrected
digestibilities could be affected by microbial population.
In situ feed residue remaining in dacron bags microbial
samples and rumen particles were lyophilized and allowed to
air equilibrate for 3 4 before determination of DM, total
nitrogen (N), (AOAC, 1984) and DAPA.

The determination of

diaminopimelic acid using a modification of the procedures
of el-Shazly and Hungate (1966), and Czerkawski (1974) has
been previously reported (Chapter 1).

Minute quantities of

DAPA were found in feed samples before incubation
(Czerkawski, 1974; Dufva et al., 1982).

Correction was made

for this by subtracting an average value of 0.1 absorbance
units from absorbance units of all samples.
The experimental design was a randomized complete block
design with a factorial arrangement of treatments (Steel and
Torrie, 1980).

Steers were the blocks, while the factors

were the incubation time points, and the various forage
treatments.

The General Linear Models procedure (SAS, 1986)
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was used in analysis.

Fisher protected LSD mean separation

was used for overall mean separation, while a paired T-test
was used for differences between apparent and corrected
digestibilities (Steel and Torrie, 1980).

Results and Discussion
Data presented in table 4 show the concentration of CP
(% OM) and DAPA (mg/g of N) of fluid, LA and FA microbial
populations.

Crude protein and DAPA concentrations ranged

from 43.3 to 56.6% of OM and from 23.0 to 27.8 mg/g N
respectively.

Similar values for CP (Smith and McAllan,

1973; Storm and 0rskov, 1983; Olubobokun et al., 1987) and
DAPA (Merry and McAllan, 1983; Olubobokun et

a,.1.,

1987) have

been reported.
The concentrations of CP and DAPA were constant (P>.10)
over time for all three populations.

Others have reported

that CP content of microorganisms decreased immediately
after feeding but returned to pre-feeding levels within 4 to
6 h after feeding (McAllan and Smith, 1977; Craig et al.,
1987b). The first two time points measured in this study
reflect 6 and 12 h after initiation of feeding while the
remaining times reflect 24 h from previous feeding.

Dufva

et al. (1982) reported that time of sampling had no effect
on DAP-N content of bacteria, suggesting that DAP-N to total
N concentration of mixed rumen bacteria in relation to time
after feeding was relatively constant even though the

39
bacteria were in different stages of growth.

As with CP

concentrations, the mean value of 6 and 12 h (24.8 mg/g N)
is not different from those at other times.

Diaminopimelic

acid values can thus be considered relatively constant.
Mean CP concentration was 55.3, 51.9 and 45.4% for
fluid, LA and FA microbial populations respectively and was
higher (P<.01) in fluid than in LA and FA and in LA than FA
microorganisms.

Merry and McAllan (1983) reported liquid

associated bacteria had significantly more CP than solid
associated bacteria.

Craig et al. (1987b) also observed

higher CP concentrations in fluid than in particleassociated microbes.

However, this difference was only

obvious 1 h after feed removal and not at other times.
Results from the present study indicate that CP
concentration of the fluid microorganisms do not reflect
those of the particle-associated microorganisms.
Mean concentration of DAPA was higher (P<.01) in LA
than in fluid and FA, but fluid and FA populations were not
different (P>.10) from each other.

In contrast, Merry and

McAllan (1983) and Olubobokun et al. (1987) observed fluid
microorganisms had higher DAPA concentrations (mg/g N)
compared with particle-associated microorganisms.
Differences in DAPA concentrations may reflect different
stages of growth or different types of microorganism from
each population.

The lower DAPA concentration of particle-

associated compared with fluid microorganisms reported by
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Table 4. CRUDE PROTEIN AND DIAMINOPIMELIC ACID
CONCENTRATIONS OF MICROBIAL POPULATIONS
Populations a
Particle- associated
Component
Crude protein
(% OM)

Time(h)
6
12
24
48
96
mean
SEe

Diaminopimelic
acid (mg/g N)

6
12
24
48
96
mean
SEe

Fluid

Loosely

55.6
55.8
54.3
56.6
54.4

50.8
51.0
52.6
53.1
51.9

45.7
47.2
43.3
46.6
44.3

55. 3b
1.02

51.9C
0.77

45.4d
1.00

24.6
24.5
25.5
24.7
24.1

26.7
26.7.
26.9
26.7
27.8

23.9
25.7
24.6
24.2
23.0

24.7b
0.27

27. 0C
0.28

24. 3b
0.50

Firmly

Concentrations constant over time (P>.05).
bcdjyieans in same row with different superscripts differ
(PC.01).
Common standard error of the mean.
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Merry and McAllan (1983) and Olubobokun et al. (1987) could
be due to the absence of DAPA in the cell walls of gram
positive cocci which may form an appreciable proportion of
bacteria associated with plant cell wall material in the
rumen (Merry and McAllan, 1983).

It could also be due to

higher protozoa which contain no DAPA (Hungate, 1966).

The

difference in DAPA concentrations of LA and FA
microorganisms indicate that the microorganism population
easily removed is different from that which is firmlyassociated.
Expressing values on a strained rumen fluid equivalent
(SRFE) basis allows valid comparisons between fluid and
particulate populations and is an indication of content and
rumen microbial mass.

The amount of OM, CP (mg/ml SRFE) and

DAPA (ug/ml SRFE) contained in fluid, LA and FA microbial
populations are presented in table 5.

Organic matter, CP

and DAPA content of microbial populations ranged from 5.2 to
43.4 mg, 2.9 to 18.2 mg and 11.2 to 70.4 ug per ml SRFE,
respectively.

Craig et al. (1987a) and Olubobokun et al.

(1987) reported similar values, although no distinction was
made between LA and FA microorganisms in those studies.
The amount of OM, CP and DAPA were constant (P>.10)
over time in all three populations.

Craig et al. (1987a)

did not observe differences due to time after feeding in
fluid microbial mass, but for particle-associated microbial
mass, the largest amount of microbial OM was observed at 1 h
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Table 5. ORGANIC MATTER, CRUDE PROTEIN AND DIAMINOPIMELIC
ACID CONTENT OF MICROBIAL POPULATIONS
Populations3
Particle-associated
Component
Organic matter
(mg/ml SRFE)

6.3
5.2
8.0
7.1
5.6

20.1
17.4
22.9
19.7
16.9

43.4
21.6
35.8
30.7
26.4

6.4b
0.59

19. 4C
2.39

31. 6d
4.78

3.4
2.9
4.1
4.0
3.0

9.7
8.4
11.7
10.4
8.8

18.2
9.7
14.8
14.4
11.8

6
12
24
48
96

6
12
24
48
96
mean
SEe

Diaminopimelic
acid (ug/ml SRFE)

Firmly

Fluid

mean
SEe
Crude protein
(mg/ml SRFE)

Loosely

Time(h)

6
12
24
48
96
mean
SEe

3.5b
0.26

9. 8C
1.09

13.8d
1.85

13.5
11.2
17.3
15.6
11.7

42.2
36.5
50.5
45.4
39.0

70.4
39.5
60.4
57.5
42.4

13. 9b
1.20

42.7C
5.00

54.0C
7.72

3Means constant over time (P>.05).
bcQMeans in same row with different superscripts differ
(P<.05).
eCommon standard error of the mean.
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and the lowest at 10 h after feed removal.

This suggested

that microbial attachment to feed was rapid and indicated
microbial mass associated with particles increased in
response to feeding.
Using ATP as an indicator of microbial mass, Forsberg
and Lam (1977) reported 76% of the ATP was associated with
particulate material, indicating that the majority of viable
ruminal microorganisms were associated with undigested plant
material.

Other workers have reported higher quantities of

OM (Craig et al., 1987a; Olubobokun et al., 1987) CP and
DAPA (Olubobokun et al., 1987) for particle-associated
microbial mass compared with fluid microbial mass.
similar finding was observed in this study.

A

Across time

points, OM, CP and DAPA contents were higher (P<.01) in both
LA and FA than in fluid microorganisms.
( P C . 01)

and CP

( P C . 05)

The quantity of OM

were also higher in FA than LA.

Diaminopimelic acid (ug/ml SRFE) showed a tendency to be
higher (P=.07) in FA than LA, confirming that there is a
higher proportion of microorganisms associated with plant
particles.
Using DAPA as a microbial marker, the total amount of
particulate microbial DAPA (mg) associated with SWRC and the
respective contributions of LA and FA microorganisms to this
total amount was calculated (table 6).

Total particulate

microbial DAPA contamination of SWRC ranged from 23.8 mg to
29.2 mg (mean 26.4 mg) with no differences due to time after
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feeding (P>.05).

The mean contribution of LA microorganisms

to total microbial DAPA (45.9%) was lower (P<.01) than the
contribution of FA microorganisms (54.1%).

An indication

that a considerable proportion of particulate microorganisms
remain firmly attached to ingested feed particles and
presumably to in situ forage residues in the rumen even
after extensive washing.
Percent recovery of FA microorganisms (table 6) using
DAPA as a microbial marker (Olubobokun et al., 1987) ranged
from 16.9 to 29.5 %, with a mean value of 22.8%.

The

recovery of FA microorganisms was lower at 6 h than at 12
and 24, and at 96 h than at 12, 24 and 48 h (PC.05).

Merry

and McAllan (1983) using DAPA as a marker and NaCl washings
with and without homogenization recovered 51 and 36%
respectively of adherent bacteria.

Similarly, Craig et al.

(1987a) using 1^N as a marker, recovered 32 to 52% of
particle-associated microorganisms from particles and
Olubobokun et al. (1987) using DAPA recovered 33 to 54% of
particle-associated microorganisms.

The mean recovery value

of 22.8% for FA microorganisms in this study is lower than
those previously reported for total particle-associated
microorganisms and is an indication that it is difficult to
obtain a large proportion of the FA microorganisms.
Knowledge of the quantity of DAPA in LA fraction, along with
the quantity and proportion recovered for FA fraction allows
for calculation of recovery of total particle-associated
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Table 6.

MICROBIAL DIAMINOPIMELIC ACID CONTAMINATION OF
RUMEN PARTICLES AND RECOVERY OF
FIRMLY-ASSOCIATED MICROORGANISMS

Diaminopimelic acid contamination
—1
---------------------------- ——
Time Totala
Loosely
Firmly*5

Firmly
associated Total
recovery0 recovery0

- mg —
6
12
24
48
96

25.2
23.8
29.2
28.0
25.8

mean^ 26.4
• SE9 1.11

9.7
11.5
13.6
12.5
12.4

(40.3)e
(48.8)
(46.9)
(45.0)
(48.3)

11.9 (45.9)
0.45

15.5
12.3
15.6
15.5
13.4

(59.7)
(51.2)
(53.1)
(55.0)
(51.7)

14.5 (54.1)
0.89

19.3
29.5
24.9
23.1
16.9

51.8
63.9
60.1
57.7
57.0

22.8
1.35

58.1
1.63

aTotal mg DAPA on rumen particles (41.4 to 69.8 gDM) added
to dacron bags before removing particle-associated micro
organisms .
^Firmly-associated microorganisms obtained by 100% - %LA.
cProportion of FA microorganisms removed and recovered due
to extraction procedure.
°Total recovery due to extraction procedure calculated as
[%LA + (%FA X %FA recovery)].
eNumbers in parenthesis are percent contribution of each
fraction to total DAPA.
^Mean contribution of LA lower than contribution of FA
microbes (P<.01).
^standard error of the mean.
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microorganisms (table 6).

The recovery values range from

51.8% to 63.9%, indicating that total recovery of
microorganisms associated with particles was as high or
higher than that normally reported.
More work is needed to develop a technique to obtain a
higher proportion of FA microorganisms.

Attachment has been

reported to be tenacious and fairly resistant to breakdown
by physical agitation (Dehority and Grubb, 1980; Leedle et
al., 1982; Craig et al., 1987a; Olubobokun et al., 1987).
Chilling in the presence of the particulate matter and
larger bacterial clumps is enhanced by subsequent blending
and breaks down the strong attachment of bacteria to
particulate matter (Dehority and Grubb, 1980).
Our procedure of chilling and blending followed by
successive saline washes (Minato and Suto, 1981) was
designed to accomplish a breakdown of attachment.

However,

Minato and Suto (1981) reported some bacteria were able to
attach to cellulose even at 4 C and while some bacteria lost
their ability to attach after .85% w/v saline washes, others
still remained attached after washing with saline.
Crude protein content of squeezed particles ranged from
12.6 to 14.6% with an average of 14.4% during the collection
period and was constant (P>.10) with time (table 7).

The

range is lower than the 14.1 to 17.8 % CP reported for SWRC
by Craig et al. (1987a).

This difference could be due to

differences in CP content of different diets.

Diaminopimelic acid was also used to calculate the
proportion of particle CP that was microbial CP by dividing
particle DAPA (mg/g of particle CP) by that of microbial
deposit (mg/g of deposit CP) extracted from the same sample
(table 7).

Microbial CP contamination of particle CP ranged

from 66.7 to 84.1% (mean 75.5%) and was constant (P>.10)
over time, while microbial CP contribution to particle DM
(product of g particle CP and % microbial CP) ranged from
9.8 to 11.2 g/100 g rumen particle DM (mean 10.7) with no
changes due to time (P>.10).

Although the range of 50.4 to

64.7% (mean 57.3%) reported for microbial CP contamination
by Craig et al. (1987a) using 15N is lower than in this
study, their range of 8.06 to 10.94 g microbial CP/100 g DM
(mean 9.03) is in good agreement with the range of 9.8 to
11.2 observed in this study.
Dividing DAPA concentration of rumen particles (mg/g
DM) by DAPA concentration of microbial deposit (mg/g DM)
provides the proportion of rumen particle DM that was
microbial.

Microbial DM contribution to rumen particle DM

range from 22.7 to 25.9 g/100 g particle DM and was constant
over time (P>.10).

Craig et al. (1987a) reported a

microbial DM contamination ranging from 17.6 to 30.1 g/100 g
DM during a 12 h study.
In general, these results obtained using DAPA are in
good agreement with those obtained by Craig et al. (1987a)
using -^N and reflect a high contribution of microbial CP to
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Table 7. MICROBIAL DRY MATTER AND CRUDE PROTEIN
CONTAMINATION OF PARTICLES FROM WHOLE RUMEN CONTENTS
Time(h )

Particle
CP

g/100 g DM
6
12
24
48
96
mean
SEd

Microbial3
CP
% of
particle CP

Microbial*3
CP

Microbialc
DM

g/100 g particle DM

14.6
14.8
14.5
15.4
12.6

75.3
66.7
76.2
75.1
84.1

10.9
9.8
10.9
11.2
10.3

14.4
0.58

75.5
2.58

10.7
0.24

25.9
_ 22.7
25.8
25.1
24.2
24.7
0.74

aPercent of particulate CP that was microbial. Determined by
[mg DAPA/g CP rumen particles -f mg DAPA/g CP microbial
deposit] X 100.
^Product of particle CP (g/100 g) and microbial CP (%).
cPercent of particle DM that was microbial. Determined by
[mg DAPA/g DM rumen particles * mg DAPA/g DM microbial
deposit] X 100.
^Common standard error of the mean.
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particle CP.

The results also showed that microbial DM

contributed an appreciable amount of particle DM.

Others

(Mehrez and 0rskov, 1977; Playne et al., 1978) have reported
only small increases in DM of glass marbles or polystyrene
incubated in situ in the rumen from 24 to 48 h.

These small

increases may be because of a lack of availability of
attachment sites for microorganisms.
Apparent and corrected digestibilities of DM (DMD) and
CP (CPD) of alfalfa (AH), orchardgrass (OGH) and
bermudagrass (BGH) hays at 6 and 24 h of in situ incubation
are in table 8.

Apparent DMD of all forages were lower

(P<.01) than corrected digestibilities at 6 and 24 h of
incubation.

Corrected DMD values obtained using fluid

microorganisms were not different (P>.10) from those
obtained using LA microorganisms, but using FA
microorganisms to correct DMD resulted in higher (PC.01)
corrected DMD values compared with fluid and LA corrected
DMD values.
Corrected CPD values were also higher (P<.01) than
apparent CPD values in all three forages at 6 and 24 h of
incubation.

But unlike corrected DMD, there were no

consistent differences between fluid, LA and FA corrected
CPD.

Fluid and FA corrected CPD values were similar (P>.10)

for all comparisons.

Loosely-associated corrected CPD were

different (P<.05) than fluid and FA corrected CPD at 6 but
not at 24 h (P>.10).

Correction for in situ microbial
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Table 8. APPARENT AND CORRECTED DRY MATTER AND CRUDE PROTEIN
DIGESTIBILITIES OF INCUBATED FORAGES
Corrected

digestibility3

Particleassociated
Incubation Apparent
time(h)
digestibility

Forage

Fluid

Loosely Firmly SEb

Q.

Dry matter
Alfalfa

6
24

17.lc
52.5C

32.2d
59.8d

32.ld
59.5d

35.4e
61.6e

2.13
1.12

Orchard

6
24

6. 9C
34. 5C

14.8d
42.8d

14.7d
42.4d

16.5e
44. 9e

1.06
1.29

Bermuda

6
24

6. 2C
27.3C

16.3d
37.ld

16.3d
36.7d

18.5e
39.7e

0.63
0.92

Crude protein
Alfalfa

6
24

24.7C
71.5C

66.2d
90.7d

62.9e
89. 8d

67. ld
91.4d

3.68
1.22

Orchard

6
24

-0. 8C
37.6C

52.2d
91. ld

48.0e
88.3d

53.6d
92.7d

2.83
1.81

Bermuda

6
24

7.9C
24.4C

51. 5d
65. 5d

48.le
63.3d

52. 5d
67.0d

2.37
2.33

aDigestibility corrected for contamination using fluid,
loosely and firmly associated microbial contamination.
^Common standard error for corrected digestibilities.
cdeMeans in same row with different superscripts differ
(P<.05).
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contamination should be made using FA microorganisms because
this is the population that would most likely represent the
microorganisms remaining on washed in situ material.
Previous researchers have used information obtained from
fluid microorganisms (Varvikko and Lindberg, 1985; Varvikko,
1986; Nocek and Grant, 1987) because it is difficult to
obtain microorganisms from particles.

Results from this

study indicate that differences in corrected DM and CP can
occur depending on population used.

Corrected DM was

highest when FA population was used to correct for microbial
contamination.
Although significant differences due to population were
observed, all corrected digestibilities were numerically
similar to each other and all were substantially higher than
apparent digestibility.

It is obvious from this study that

microbial attachment is tenacious and failure to correct in
situ residue for microbial contamination will result in
gross underestimation of feed digestibility values obtained
using the in situ technique.
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Factors

CHAPTER 3
EFFECT OF MICROBIAL CONTAMINATION ON RUMEN
IN SITU MEASUREMENTS OF FORAGE DIGESTIBILITY
Introduction
The dacron bag technique of evaluating in situ feed
digestibility is widely used because it is less expensive
(Van Keuren and Heinemann, 1962; Playne et al., 1978;
Weakley et al., 1983), simpler, more rapid and reproducible
(Mehrez and 0rskov, 1977; Mathers and Aitchison, 1981;
Varvikko and Lindberg, 1985) than conventional in vivo
methods.

In most cases it is assumed that the in situ

residue remaining in dacron bags is not significantly
contaminated by microbial matter.

Mehrez and 0rskov (1977)

observed that the mean increase in weight of glass marbles
incubated in situ in the rumen for 24 h was only 0.03 g and
could account for an underestimate of only 0.7 units in dry
matter disappearance.

Playne et al. (1978) also observed no

increases of DM in nylon bags containing polystyrene
particles after 48 h in the rumen and concluded that entry
of particulate matter into bags was of little importance.
However, electron microscopy studies have shown that rumen
bacteria (Akin et al., 1974; Akin, 1980; Cheng et al., 1977;
Akin and Barton, 1983), protozoa (0rpin and Hall, 1977;
0rpin and Letcher, 1978) and fungi (Bauchop, 1979), colonize
and adhere to plant particles during fermentation in vitro
as well as in vivo.

This attachment occurs preferentially
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to exposed cut or damaged tissue (Bauchop, 1979; Latham et
al., 1978a; 1978b).

Feed particles incubated in the rumen

for any length of time have since been shown to be
contaminated by microbial matter (Mathers and Aitchison,
1981; Kennedy et al., 1984; Varvikko, 1986; Varvikko and
Lindberg, 1985).

Crooker et al. (1981) observed that total

amino acid content of feed residue remaining in polyester
bags after incubation in the rumen for 12 h was greater than
in original feeds.

Thus, microbial contamination of in situ

feed residue will result in underestimation of
digestibility.
Some attempts have been made to correct in situ
residues for microbial contamination (Mathers and Aitchison,
1981; Kennedy et al., 1984; Varvikko, 1986; Varvikko and
Lindberg, 1985), but results have been inconsistent and
little information has been provided on the effect of DM and
CP contamination on respective in situ digestibility
measurements.

Previous studies with the particulate phase

of whole rumen contents indicated that microorganisms made
up 20.6 to 24.7% of DM and 57.3 to 75.5% of CP (Craig et
al., 1987; Chapter 2).
The validity of using chopped, milled or pulverized
forage samples for in situ studies has been questioned on
the basis that it may not effectively mimic mastication by
the animal (Bailey, 1962; Playne et al., 1978).

Pond et al.

(1984) observed that mastication decreased particle size,
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exposed more surface area, and exposed more area of
digestible tissue within a given particle size.

The

objectives in this study were to correct DM and CP
digestibilities of forage samples incubated in the rumen for
microbial DM and CP contamination and also to compare
digestibilities of masticated and non-masticated forage
samples.

Materials and Methods
Two ruminally cannulated steers, each weighing
approximately 400 kg, were fed a diet of 57% bermudagrass
hay, 37% alfalfa hay and 6% concentrate mix, once a day at
0700 h.

Feed consumption was approximately 2% of body

weight.

Steers were allowed to consume feed for 30 min

before removal and were fed in this manner for 10 d before
initiation of the first of two sampling periods.
separated the first and second periods.

Ten days

Both steers had

continuous access to trace mineral salt and to water.
Dacron bags containing 3 g samples of non-masticated or
masticated (M) forages were incubated in the rumen of both
steers.

Details of the dacron bag incubation procedure have

been previously presented (chapter 2).
In situ feed residue remaining in dacron bags were
lyophilized and allowed to air equilibrate for 3 d before
determination of dry matter (DM), total nitrogen (N), (AOAC
1984), neutral detergent fiber (NDF) and acid detergent
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fiber (ADF), (Goering and Van Soest, 1970) . The
determination of diaminopimelic acid (DAPA), using a
modification of the procedure of el-Shazly and Hungate
(1966), and Czerkawski (1974), has been previously reported
(Olubobokun et. al., 1987).

Microbial DM and CP

contamination of in situ residue was determined using the
following equation:
% contamination of in situ residue DM or CP = [mg DAPA/g in
situ residue + mg DAPA/g of microbial deposit] X 100
where microbial deposits represented microorganisms left on
in situ residue after washing with 3 L of 0.85% saline and
were removed by a treatment consisting of chilling, blending
and multiple extractions (Chapter 2).
In order to determine the proportion of incubated
forage samples that was readily soluble, and the proportion
that was insoluble, control samples were placed in dacron
bags and incubated in McDougall's buffer (McDougall, 1948)
at 39 C for 1 h and then washed in saline in the same way as
the ruminally incubated samples.

The amount of DM and CP

remaining was determined and used to represent the quantity
that was ruminally insoluble and available for microbial
attachment and digestion.

All digestibilities are expressed

as a percent of the nutrients insoluble in McDougall's
buffer (table 9).
Apparent digestibilities of DM, CP and digestibility of
NDF and ADF were determined using the following equation:
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% digestibility = [(g insoluble component added - g residue
remaining) * g insoluble component added] X 100
Dry matter and CP digestibilities were corrected for
microbial contamination using the equation described in
chapter 2.
A nonlinear model was used to determine estimates of
degradation rates (Mertens and Loften, 1980) based on
Marquardt's compromise (Marquardt, 1963) obtained through
the Statistical Analysis System (1986).

The technique is a

linear iterative curve fitting procedure to reduce the
residual sums of squares associated with the regression
model, and requires that the initial estimates of potential
degradability, lag and degradation rate be provided.

The

basic model simultaneously derives lag and degradation rate
using the equation described by Nocek and English (1986).
A randomized complete block design with a factorial
arrangement of treatments was used for the experiment (Steel
and Torrie, 1980).

Both steers served as the blocks while

the factors were the incubation time points and the six
forage treatments.

The general linear models procedure was

used in the analysis (SAS, 1986).

A least significant

difference mean separation was used in comparing forage
means at each time, paired t-tests were used in comparing
corrected and apparent DM and CP digestibilities of forages,
and specific meaningful contrasts were used to compare main
effects due to forage (Steel and Torrie, 1980).

Results and Discussion
The data presented in table 9 show insoluble DM and CP
of forages and initial CP concentration.

Initial CP

concentration was highest (P<.05) in AH followed by BGH and
OGH.

The percent insoluble DM ranged from 78.2 to 90.0% of

forage DM and was lower (P<.05) in MOGH and MBGH compared
with OGH and BGH (82.0 vs 85.9 and 86.4 vs 90.0)
respectively.

With the exception of BGH, the insoluble CP

(% DM) used in calculating digestibility measurements was
lower (P<.05) in masticated samples than in non-masticated
samples.

Reasons for a lower CP content in MAH and MBGH

could include loss of leaves during collection of esophageal
samples.

However, it was observed visually that little or

no loss of sample occurred during the collection process.
Another explanation could be due to the removal of soluble
nutrients by saliva (Bailey, 1962; Playne et al., 1978).
Mastication could have exposed more surface area allowing a
higher release of soluble nutrients.

The insoluble DM and

CP reported in this study for MAH and AH is higher than that
normally reported for alfalfa indicating that not all of the
potentially soluble protein and DM was released.

The large

particle size (1 to 3 cm) used in this study could cause an
encapsulation of water soluble nutrients.
The data in table 10 show percent microbial DM and CP
contamination of non-masticated and masticated in situ
residue.

Across forages, microbial DM contamination ranged
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Table 9. INSOLUBLE DRY MATTER AND CRUDE PROTEIN OF FORAGES
Alfalfa
Item

Non
mast

Insoluble
dry matter, %

80.4bc78.2b

Crude protein
Total, % DM
Insoluble,
% DM
Insoluble,
% total CP

Mast

Orchard
Non
mast

Bermuda

Mast

85.9d 82.0C

Non
mast

Mast

90.0e 86.4d

1.56

18.3b 12.4C

8.1d

8. 8d

13. lc 10.6e

0.46

14.1

11.1

6.2

6.0

10.1

8.0

1.28

77.4

89.0

76.6

68.2

77.0

76.0

2.45

aCommon standard error of the mean
bcdeMeans in same rQw with different superscripts differ
(P < .05).

SEa

from 10.3 to 22.3% of residual DM, and decreased (Pc.01)
with increasing time of incubation for AH and MAH, but
increased (P<.01) for all other forages.
contamination was higher
and in BGH than OGH

( P C . 01)

( P C . 05).

Mean microbial DM

in AH than in OGH and BGH,

For masticated forages, DM

contamination was similar (P>.10) between MAH and MBGH.
Both MAH

( P C . 05)

and MBGH

( P C . 01)

contaminations compared with MOGH.
( P C . 01)

had higher microbial % DM
Mastication reduced

mean microbial DM contamination of AH and increased

that of BGH

( P C . 05)

but had no effect on mean DM

contamination of OGH (P>.10).

These results indicate that

microbial DM contamination after in situ incubation is
dependent on forage used as well as time of incubation.
Therefore, use of in situ bags containing inert material
such as marbles (Mehrez and 0rskov, 1977) or purified
sources of nutrients such as cellulose (Minato and Suto,
1978; Minato and Suto, 1981) to determine microbial
contamination of different forages would not be an adequate
approach.

Factors affecting microbial attachment to forages

need further investigation.
Microbial CP contamination ranged from 46.3 to 95.3% of
residual CP and, unlike microbial DM contamination,
increased with time for all forages (P<.01).

Mean microbial

CP content of non-masticated forages was highest in OGH and
lowest in BGH (PC.01).

Comparing among masticated forages,

CP contamination of MOGH was higher than that of MBGH
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Table 10. MICROBIAL DRY MATTER AND CRUDE PROTEIN
CONTAMINATION OF IN SITU FORAGE RESIDUES
Non-masticated
Time Alfalfaa Orchard13 Bermuda13
- h 6
12
24
48
96
mean
SEh

Masticated
Alfalfaa Orchard13 Bermuda13

Dry matter contamination (% )
22.3
20.0
18.9
16.2
17.7

10.3
12.6
15.9
15.3
17.0

13.1
12.5
17.0
16.4
20.5

19.3
16.1
17.1
14.7
14.6

11.6
14.-4
17.0
15.7
15.5

13,.9
16..0
19..5
17..9
19..3

19.0C
0.77

14.2d
0.66

15.9ef
0.74

16.3e9
0.70

14.8df
0.64

17..39
0 ..65

Crude protein contamination (%)
6
12
24
48
96
mean
SEh

57.1
55.0
71.5
79.2
86.0

53.8
66.8
89.4
88.4
95.3

48.3
46.3
56.7
62.9
76.4

65.1
57.1
74.7
79.8
83.8

57.1
74.1
85.4
83.2
88.6

56..2
62..5
65..4
69,.9
83,.0

69.7C
3.96

78.8d
4.16

58.le
3.12

72.1cf
3.92

77.7df
3.37

67,.4C
2,.75

aDry matter contamination decreased with time (P<.01).
^Contamination increased with time (P<.01).
cdefgMeans in same row with different superscripts differ
(P<.05).
^Common standard error of the mean.
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(P<o01) but tended to be similar (P=.07) to that of MAH.
Masticated AH and MBGH had similar (P>.10) CP contamination.
Mastication had no effect (P>.10) on CP contamination of AH
and OGH, but increased CP contamination of BGH (P<.01).
These results agree with those of other workers
reporting rapid increases in the amount of microbial CP
contamination of incubated forage samples with increasing
time of incubation using 24 or 48 h incubation time lengths
(Mathers and Aitchison, 1981; Kennedy et al., 1984; Nocek
and Grant, 1987).

The percent contamination of residual CP

is higher than that observed for DM because microbial CP was
approximately 40% (Chapter 2) whereas maximum CP of the
undigested forages was 14.1% (table 9).

Due to this

relationship of microbial CP to forage CP, microbial CP
contamination of undigested CP should always be higher than
microbial DM contamination.

Since percent CP contamination

increased with increasing time of incubation (table 10), the
loss in forage CP was greater than the loss in microbial CP.
Apparent and corrected digestibilities of DM (DMD) and
CP (CPD) of non-masticated forages are presented in table
I

11.

Apparent DMD and CPD values ranged from 6.2% to 65.6%

and from -0.8% to 84.1% respectively, while corrected DMD
and CPD ranged from 16.5% to 71.3% and from 50.8% to 97.9%
respectively.

Correcting digestibilities for microbial DM

and CP contamination resulted in higher (PC.01) DMD and CPD
compared with apparent digestibility values.

With apparent
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Table 11. APPARENT AND CORRECTED DRY MATTER AND
CRUDE PROTEIN DIGESTIBILITIES OF NON-MASTICATED
IN SITU FORAGE RESIDUES
Alfalfa
Time(h )

App.

Corr.a

Orchard
App.

Corr.a

Bermuda
App. Corr.a

SEb

Dry matter digestibility (%)
6
12
24
48
96
Lag(h)h
Rate(%/h)“

17. lc
29.5d
52.5e
65. 6f
64.2f
2.24
4.71

35.4C
42.8d
61.6€
71.3f
70.5f
O.OO1
6.681

6. 9C
15.9d
34.5e
49.8f
58.09
3.40
2.43

16.5C
26.5d
44.9e
57.5f
65.29
0.63^
3.133

6.2°
12.4C
27.3d
45.6e
49. le

18.5C
23.4C
39.7d
54.5e
59.5e

3.43
2.01

2.16
2.21
2.50
2.07
1.50

0.18i 0.33
2.713 0.38

Crude ;
protein digestibility (%)
6
12
24
48
96
Lag(h)h
Rate(%/h)“

67.lc
75.2d
91.4e
96.3e
97.7e

-0.8C
14.0d
37.6e
50.5f
59.89

1.69 0.00.
6.98 19.801

6.27
3.46

24.7C
45.0d
71.5e
82.8f
84. lf

53.6C
71.7d
92.7e
93.5e
97.9e

7.9C
8. 4C
24.4d
46. le
56.8e

0.87. . 3.28
15.5313 1.78

52. 5C
50.8C
67.0d
79.le
89.6f

5.46
5.47
5.51
4.37
3.77

0.00 . 0.52
8.223 1.69

aCorrected digestibilities higher than apparent ( P C . 01).
bCommon standard error of the mean.
cdefgMeans in same column with different superscripts differ
( P C . 05).
^Corrected lag times lower and rates higher than
..apparent ( P C . 10).
J-OCorrected means in same row with different superscripts
differ ( P C . 05).

and corrected DMD, percent digestibilities did not increase
(P>.10) after 48 h incubation for AH and BGH but increased
up to 96 h for OGH.

For all forages, the differences

between apparent and corrected DMD was greatest at the early
time points (6 and 12 h).

Corrected CPD was considerably

greater (PC.01) than respective apparent digestibilities at
all time points.

Apparent CPD increased (PC.05) up to 48 h

for AH and 96 h for OGH and BGH.

Corrected CPD increased

(PC.05) up to 24 h for AH and OGH with values of 91.4 and
92.7%, respectively.

Bermudagrass hay reached a maximum

digestibility of 89.6%, however, an incubation time of 96 h
was required.
Across time, higher corrected DMD (PC.01) and CPD
(PC.05) were obtained for AH compared with OGH and BGH
(PC.01).

Bermudagrass had lower DMD (PC.05) and CPD (PC.01)

compared with OGH.

Varvikko and Lindberg (1985) using

forages labelled with ^5N also reported numerically higher
values for corrected compared with apparent DMD.

However,

the differences they observed were not statistically
significant.

This discrepancy may be attributed to an

underestimation of microbial contamination since the
assumption was made that degraded and released 1 % would not
be incorporated into microbial N.

The greater digestibility

of CP when corrected for microbial CP contamination is
consistent with those of other workers (Mathers and
Aitchison, 1981; Varvikko and Lindberg, 1985).
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Lag times (h) for corrected DMD and CPD were lower
(PC.05) compared with apparent DMD values of OGH and BGH.
Although corrected DMD lag times were also lower (PC.05) in
AH, lag times for corrected CPD only showed a tendency
(P=.10) to be lower than the respective apparent values
(0.00 vs 1.69).

Nocek and Grant (1987) did not observe any

lag times in apparent DMD of AH or OGH and in apparent CPD
of AH, but reported a lag time of 2 h for apparent CPD of
OGH, which was no longer present when correction for
microbial CP contamination was made.
The rates of digestion (% per hour), of corrected DMD
and CPD of BGH were faster (PC.01) than apparent values.
Faster DMD digestion rates were obtained for OGH (PC.01) and
AH (P=.06), and faster CPD rates for AH (P=.09) and OGH
(P=.053) than respective apparent values.

These results

indicate that apparent in situ digestibility measurements do
not adequately represent actual digestibilities due to
microbial contamination.

False interpretations can be

obtained if microbial contamination of forage residue is not
measured.
Comparisons between corrected and apparent
digestibilities, lag time and rates of masticated forages
showed similar trends to comparisons between their nonmasticated counterparts (table 12).

However, corrected and

apparent DMD and CPD of MAH exhibited similar lag times
(P>.10).
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Table 12. APPARENT AND CORRECTED DRY MATTER AND
CRUDE PROTEIN DIGESTIBILITIES OF MASTICATED
IN SITU FORAGE RESIDUES
Alfalfa
Time(h)

Orchard

App. Corr.a

App.

Corr.a

Bermuda
App . Corr.a SEb

Dry matter digestibility (%)
6
12
24
48
96
Lag(h)b
Rate(%/h) 1

17. lc
22.9C
45.8d
58. le
62. 5e
2.06
3.72

33.0C
35.3C
55. ld
64.le
67.9e
0.21
5.537

9.5C
19.5d
40.7e
53.6f
59. 6f
3.75
3.38

20.0C
31.2d
50. 5e
60.8f
65.9f
0.43
4.15k

6. 7C
13. lc
29.3d
43.0®
50. 6f

19.7C
27.0d
43. le
53. lf
60.19

3.01
1.98

0.00
3.14k

2.28
2.34
2.42
1.71
1.25
0.42
0.36

Crude protein digestibility (% )
6
12
24
48
96

32.7C
38.9d
64. 9d
77.6e
81.9e

Lag(h)h . 0.00
Rate(%/h) 1 5.26

76.4°
73.9®
90.2d
94.7d
96.7d
0.007
23.32k

-1.8C
13. 5d
39. le
49.7f
62.49
7.03
3.80

56.2C
78.0d
89.9e
90.8e
95.6e

-l.lc
-4.6®
11.5d
33.0e
50.6f

1.19k 21.98
18.92kl 5.06

55.7C
60. 9C
69.2d
78.3e
91.4f

6.27
6.58
6.11
4.98
3.74

0.007
12.041

1.73
1.81

^Corrected digestibilities higher than apparent (P<.01).
"Common standard error of the mean.
cdefgMeans
same column with different superscripts differ
(P<.05).
"Corrected bermuda and orchard lag times lower than
.apparent (P<.05).
jJ-Rates of corrected higher than apparent (P<.10).
7klcorrected means in same row with different superscripts
differ (P<.05).

Bailey (1962) reported that the digestion of DM and CP
in masticated samples was higher than in non-masticated
samples.

Playne et al. (1978) also observed that feed

samples were digested less than their corresponding
masticated samples.

In comparing values for non-masticated

and masticated forages in this study (table 13), there were
no differences (P>.10) in corrected DMD, CPD, lag times and
rates of digestion of non-masticated compared with
masticated forages, with the exception of AH which had
higher corrected DMD than MAH at 12 (PC.05), 24 (PC.10) and
48 h (PC.05), and lower (PC.05) corrected CPD than MAH at 6
h.

At 24 h, masticated OGH had higher (PC.05) corrected DMD

than OGH, and MBGH had higher (PC.05) corrected CPD than BGH
at 12 h.

Differences in results could be due to the lack of

correction for addition of soluble DM by saliva to
masticated samples (Bailey, 1962) and also to the fact that
values compared in table 13 are corrected for microbial
contamination but those reported by Bailey (1962) and Playne
et al. (1978) were apparent digestibility values.
Digestibility of NDF (NDFD) and ADF (ADFD) are
presented in table 14.

Across forages, NDFD and ADFD ranged

from 6.0 to 65.2 and from 1.5 to 64.8% respectively.
Maximum NDFD was observed by 48 h for AH, MAH, OGH and BGH
but not until 96 h of incubation for MOGH and MBGH.

Across

time, digestibility of NDF was higher in AH than OGH and BGH
and in OGH compared with BGH (PC.01).

Both MAH and MOGH had
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Table 13. CORRECTED DRY MATTER AND CRUDE PROTEIN
DIGESTIBILITIES OF NON-MASTICATED AND MASTICATED
IN SITU FORAGE RESIDUES
Alfalfa
Time(h)

Non-mast Mast

Orchard
Non-mast Mast

Bermuda
Non-mast Mast SEa

Corrected dry matter digestibility (%)
6
12
24
48
96
Lag(h )
Rate(%/h)

35.4
42.8
61.6
71.3
70.5
0.00
6.68

33.0
35.3*
55.1+
64.1*
67.9
0.21
5.53

16.5
26.5
44.9
57.5
65.2
0.63
3.13

20.0
31.2
50.5+
60.8
65.9
0.43
4.15

18.5
23.4
39.7
54.5
59.5
0.18
2.71

19.7
27.0
43.1
53.1
60.1
0.00
3.14

1.94
1.87
2.01
1.59
0.94
0.09
0.41

Corrected crude protein digestibility (%)
6
12
24
48
96

67.1
75.2
91.4
96.3
97.7

Lag(h)
0.00
Rate(%/h) 19.80

76.4*
73.9
90.2
94.7
96.7
0.00
23.32

53.6
71.7
92.7
93.5
97.9

56.2
78.0
89.9
90.8
95.6

0.87
15.53

1.19
18.92

52.5
50.8
67.0
79.1
89.6
0.00
8.22

55.7
60.9*
69.2
78.3
91.4

2.49
2.23
2.70
2.27
0.97

0.00
12.04

0.20
1.63

aCommon standard error of the mean.
+Non-masticated and masticated means within forage differ
*(P<.10).
Non-masticated and masticated means within forage differ
(P<.05).
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similar (P>.10) NDFD, and both were higher than MBGH
(P<.01).

At 24 h mastication had no effect (P>.10) on NDFD

of AH and BGH, but increased NDFD of OGH (PC.10).
There were no

differences (P>.10) in lag time of NDFD

due to forage, but

rate of NDFD varied due to forage. The

rate of NDFD in AH

was faster (PC.01) than in both OGHand

BGH which were similar (P>.10).

Both MAH and

MOGH had

faster (PC.01) rates of NDFD than MBGH, but there was no
difference (P>.10) in rate of NDFD of MAH and MOGH.
Mastication caused an increase (PC.01) in rate of NDFD for
OGH; however, increases were not observed for AH and BGH.
Playne et al. (1978) observed that the cell wall of AH
was more digestible than those of grasses and digestion was
complete by 48 h.

In this study, peak ADFD was observed at

48 h in AH, MAH and BGH but not until 96 h in OGH, MOGH and
MBGH (table 14).

Mean digestibility of ADF was similar

(P>.10) between AH and OGH, but MAH had lower (PC.01) ADFD
compared with MOGH.

Bermudagrass and MBGH had the lowest

(PC.01) ADFD compared with respective other forage
treatments.

With the exception of MOGH at 24 h, mastication

did not increase (P>.10) ADFD.

No differences (P>.10) were

observed in lag times or rates of ADFD due to mastication,
although lag time of ADFD tended to be higher in AH (P=.075)
and BGH (P=.076) than in OGH.
Morphological differences can account for differences
in forage cell wall digestibility.

Legumes are known to
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Table 14. NEUTRAL AND ACID DETERGENT FIBER DIGESTIBILITIES
OF NON-MASTICATED AND MASTICATED IN SITU FORAGE RESIDUES
Alfalfa

Orchard

Time(h) Non mast Mast

Non mast Mast

Bermuda
Non mast. Mast

SEa

Neutral detergent fiber digestibility’ (%)
6
12
24
45
56

13.0b
21.6C
43.7d
57. 6e
55. 2e

Lag{h )
2.72
Rate(%/h) 3.669

11.8b
15.8b
40.4°
52.6°
60. 5Q
3.95
3.239

7. 7b 10. 2b
15. lb 20.2C
34.2<: 41.9d+
45. 3*^ 55.2®
62. 7d 65.21
2.54
2.11h

3.51
3.299

6. 0b
13.8b
32.0C
45. 3a
56. 7d
3.59
2.28h

7. 5b
15. lb
34.2°
46. 3a
55. 5e
2.50
2.12h

1.29
1.83
2.02
1.43
1.04
0.43
0.22

Acid detergent fiber digestibility (%)
6.2b
12. 0b
37. 5<r
50.8d
52.4d

6. 7b
9. 4b
39.6C
49.6d
53.9d

7. 6b
18.0C
33.2d
50.5e
62.3f

7. 9b
20.2C
41.9d+
53.9e
64.8f

2. 2b
7. 9b
27. 4C
46. 2d
52. 6d

1. 5b
11. 5C
31.6d
43.2e
54.2f

1.62
2.22
2.47
1.36
1.73

10.14
Lag(h)
Rate(%/h) 7.89

9.35
7.94

3.15
2.36

6.31
3.94

10.12
5.88

4.86
2.27

1.39
1.12

6
12
24
48
96

aCommon standard error of the mean.
bcdefMeans
same column with different superscripts differ
(PC.01).
9“Means in same row with different superscripts differ
(PC.05).
+Non-masticated and masticated means within forage
differ (PC.10).

have higher soluble DM, higher lignin and lower percentage
hemicellulose than grasses.

The higher lignin content

generally causes legume cell wall to be less digestible than
that of grasses; however, the digestible NDF of legumes is
generally digested at a rate faster than grasses (Smith et
al., 1972).

Akin and Burdick (1981) reported that tissues

in BGH which had high amounts of lignin were totally
undegraded by rumen microorganisms in vitro.

Orchardgrass

was observed to have a lower proportion of rigid, slowly
digested tissue compared with BGH although it had more
lignin than BGH (Akin and Burdick, 1975).

Higher cell wall

digestibility of OGH compared with BGH may also be due to
easier availability of cell wall constituents of OGH to
bacteria so that attachment may not be a prerequisite for
digestion of less rigidly structured cell walls which are
available to extracellular enzymes produced by near but
unattached bacteria.

Also, the hemicellulose of OGH is less

rigidly complexed into the cell wall than BGH (Akin, 1980).
Pond et al. (1984) with the aid of electron microscopy
observed that the cuticle of BGH was more resistant to
dislodging and acted as a barrier to direct microbial access
and attack of epidermal and underlying tissues.
Lag time due to substrate may be the result of the need
for chemical or physical alteration of fiber before
bacterial attachment and enzymatic digestion can occur.

It

may also be related to microbial attachment to fiber and the
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development of microbial numbers and enzyme concentrations
(Mertens, 1977).

Nocek and Grant (1987) similar to the

observations in this study, observed that AH had an
unusually high rate of ADFD in view of the slow rate of
NDFD.
The total quantity of microbial CP (mg CP/g DM)
associated with in situ residue of non-masticated forages
(figure 3) ranged from 42.4 to 92.4 mg/g DM and decreased
(PC.05) with increasing time of incubation for AH but
increased for OGH and BGH.

There were no changes (P>.05) in

quantity of CP contamination of AH and OGH after 24 h, while
BGH contamination continued to increase up to 96 h (PC.10).
The quantity of microbial CP associated with in situ
residues was higher (PC.05) in AH than in OGH and BGH at 6
and 12 h, was similar in all three forages at 24 and 48 h,
but was higher in BGH (PC.05) than in AH and OGH at 96 h.
Across time, the mean quantity of microbial CP association
was higher in AH than OGH and BGH and in BGH than in OGH
(PC.10).
Similar trends were observed for microbial CP
contamination of masticated forages (figure 4) although
earlier maximum contaminations were observed compared with
non-masticated forages.

No further changes (P>.05) were

observed in contamination of MOGH and MBGH after 12 h and in
MAH after 24 h.

Mastication reduced (PC.05) microbial CP

contamination of AH at 6 and 12 h of incubation but not at

1 0 0 -i

*s* Alfalfa
Orchardgrass
-*■ Bermudagrass

DM

80 -

mg CP/g

90 "

70 "
60 ”
50 -

0

12

24

36

48

60

72

84

96

Time (hours)
Figure 3. C h a n g e s in microbial contamination
of non-m asticated forages.
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other times.

At 12 h, contamination of MBGH was higher than

BGH with no difference at other time points.

Across time,

the average amount of microbial CP associated with AH was
reduced (PC.05) due to mastication (65.9 vs 76.9), increased
(PC.05) in BGH (70.2 vs 54.6) but not affected (P>.10) in
OGH (59.5 vs 56.9).
Correlations (r) between quantity of microbial CP
contamination (mg CP/g in situ residue) and corrected DMD,
CPD and NDFD and ADFD are in table 15.

The quantity of

microbial CP contamination was significantly correlated with
extent of digestibility in all forages.

Correlations were

negative (PC.01) for AH and MAH, reflecting the decreasing
amount of contamination with increasing digestibility, but
were positively linear for all other forages, reflecting the
increasing digestibility with increasing contamination.
Masticated OGH had the lowest correlations (PC.05) with
corrected DMD, NDFD and ADFD.
Differences in microbial CP associated with undigested
residue reflect differences in attachment of firmlyassociated microbes due to forage and time of incubation.
The large quantities of microbial CP associated with alfalfa
residue at the earlier time points indicates that rumen
microbes can attach more rapidly relative to OGH or BGH.
This rapid attachment may be a major cause for improvements
in rate of digestibility observed for alfalfa as compared
with grasses.

The negative correlations for alfalfa

1001

-B-

Alfalfa
Orchardgrass
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80-

mg CP/g

90-

70-
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■

6050-

J

1 —
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i— •—

24
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36
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Figure 4. C h a n g es in microbial contamination
of m asticated forages.
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(table 15) indicate that the quantity of microbes attached
to forage residue becomes less as digestion increases.

For

BGH, the quantity of microbial CP increased up to 96 h
incubation similar to the increases observed for
digestibility (table 10).

The slow rates of microbial

association and digestion indicate that attachment was
necessary for maximum digestibility to occur.
More information is needed on factors that determine
the rate of attachment and how attachment relates to
digestibility.

The decrease in microbial CP contamination

of MAH compared with AH may be due to the loss of soluble
protein during mastication (table 9).

Work by 0rpin and

Letcher (1978) indicates that soluble protein elicited
attachment of protozoa to plant particles.

In the present

study, mastication did not increase the rate of digestion
(table 13) and had lower correlations of microbial
contamination to digestibility (table 15).

The reasons for

the lack of response due to mastication are not known.

Pond

et al. (1984), indicated that mastication exposed more
surface area and that this exposed surface area can cause
increased attachment as viewed by electron microscopy.
However, a simple reduction in particle size does not
necessarily mean higher digestibility or faster rates of
digestion because many small particles still contain a
significant proportion of lignin (Pond et al., 1984).
possible that the removal of soluble nutrients due to

It is
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mastication can be more important than exposed surface area.

Table 15. CORRELATIONS BETWEEN DIGESTIBILITIES AND
QUANTITY OF MICROBIAL CRUDE PROTEIN CONTAMINATION OF
IN SITU FORAGE RESIDUES
Alfalfa3
Digestibility Non-mast Mast

Orchard
Non-masta Mast

Bermuda3
Non-mast Mast

Corrected dry
matter

-0.99

-0.90

0.97

0.77b

0.95

0.91

Corrected
crude protein

-0.99

-0.82

0.99

0.92a

0.98

0.82

Neutral
detergent
fiber

-0.98

-0.91

0.94

0.72b

0.96

0.89

Acid
detergent
fiber

-0.98

-0.89

0.94

0.73b

0.96

0.91

^Significant linear correlations (PC.01).
"Significant linear correlations (PC.05).
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General Conclusion
Protozoa are often ignored in studies dealing with
rumen microorganisms probably because of the difficulty in
obtaining good protozoal preparations.

The occurrence of

large concentrations of DAPA in the protozoal fraction and
the presence of bacteria in resuspended deposits of protozoa
indicates significant contamination by the bacterial
fraction.

If protozoa are selectively discarded, then

ingested and adherent bacteria are also being discarded.
Use of only the bacterial fraction therefore does not
present a true picture of nutrients available for digestion
and absorption post ruminally.

In addition, the protozoal

fraction contained more OM, CP and DAPA than the bacterial
fraction, because it represented a larger proportion of the
microbial cell mass and also contained bacteria as well as
protozoa.

It is obvious from our results and those of

others (Forsberg and Lam, 1977) that a large proportion of
the total viable mass is associated with the protozoal
fraction, and that they need to be considered in order to
obtain a true picture of microbial contribution to host
»

nutrition in the hind gut.
The results from this study indicate that there may be
an effect due to diet and time on concentrations and
quantities of OM, CP and DAPA in different microbial
populations.

In experiment one, where collections at 2 and

23 h were used, differences due to time were observed.

But
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in experiment two, differences were not evident except for
slight decreases in quantity of DAPA at 6 and 96 h.

All

time points in experiment two represented concentrations 24
h after the last feeding, with the exception of 6 and 12 h
which represented post-feeding levels and a return to pre
feeding concentrations.

The effect of sampling time and

diet on microbial nutrient concentrations needs further
investigation.
The differences in OM, CP and DAPA concentrations and
quantities of microbial populations indicate differences
between fluid, loosely-associated (LA) and firmly-associated
(FA) microorganisms.

Thus the chemical composition of fluid

microorganisms does not necessarily reflect those of LA or
FA microorganisms.

The importance and contribution of

particle-associated microorganisms to the total rumen
ecosystem may be more than previously thought.

Results from

experiments one and two indicate that particle-associated
microorganisms should be considered in studies involving
rumen microorganisms.
A possible barrier to the use of particle associated
microorganisms in rumen studies may be the difficulty in
obtaining them.

The procedure of chilling, blending,

washing and squeezing does not lend itself to routine
determination because it is laborious and time consuming,
particularly when samples are collected at closely spaced
time intervals.

The recovery of particle-associated
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microorganisms was 33 to 54% and 51.8 to 63.9% in
experiments one and two respectively, and the effect due to
time in both experiments emphasize the tight adherence by PA
microorganisms to particulate matter.

Attachment is more

tenacious after initiation of feeding than at later times
(Dehority and Grubb, 1980; Leedle et al.,1982; Merry and
McAllan, 1983; Craig et al., 1987).

More work is needed to

develop a technique to obtain a higher proportion of FA
microorganisms.
Both protozoal and particle-associated microorganisms
will contain microscopic plant contamination.

Merry and

McAllan (1983) confirmed there was little plant
contamination in particulate bacteria from the small amounts
(0.31 and 0.51% of arabinose and xylose respectively) of the
hemicellulose sugars present in bacterial samples.

Our

results also indicate a small amount of contamination with
respect to the total microbial OM obtained.

A method to

separate microorganisms from plant material without loss of
microorganisms is probably not a practical approach because
of the close association of bacteria and protozoa with
particulate matter.

Nevertheless, such a method is

desirable, and techniques which can achieve this need to be
developed.
Firmly associated microorganisms constituted 54.1% of
the particle-associated population, indicating that a
considerable proportion of particulate microorganisms remain

firmly attached to ingested feed particles and to in situ
forage residues in the rumen even after extensive washing.
Microbial DM and CP contamination of rumen particle and in
situ residue DM and CP agree well with each other.

Slight

differences observed between CP contamination of rumen
particles and incubated samples are as a result of varying
CP concentrations of ingested feed and incubated forage
samples.

They could also be due to the ingestion of feed

every 24 h and passage of digested feed out of the rumen.
The differences observed in contamination between forages
indicate that microbial DM and CP contamination after in
situ incubation is dependent on forage used as well as time
of incubation.

Therefore, use of inert material (Mehrez and

0rskov, 1977) or purified sources of nutrients (Minato and
Suto, 1978; Minato and Suto, 1981) to determine microbial
contamination of different forages are inadequate.

Factors

affecting microbial attachment to forages need further
investigation.
The differences observed in corrected DMD and CPD
values using different microbial populations indicate that
correction for in situ microbial contamination should be
made using FA microorganisms because significant differences
were observed and FA is the population that would most
likely represent the microorganisms remaining on washed in
situ material.

Increased DMD and CPD and lower lag times

and increased rates of digestion of corrected compared with
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apparent values indicate that apparent in situ digestibility
measurements do not adequately represent actual
digestibilities due to microbial contamination.

Erroneous

interpretations and conclusions can be made if microbial
contamination of forage residue is not accounted for.
The significant linear correlations between quantity of
microbial CP contamination and digestibilities stresses the
relationship between contamination and digestibility.
Differences in microbial CP associated with undigested
residue reflect differences in attachment of firmlyassociated microbes due to forage and time of incubation.
The differing rates at which microorganisms attach to
forages may account for differences in rates of
digestibility.

The negative correlations for alfalfa may be

a function of limiting attachment sites for continual
digestion and (or) substrate availability.

Increasing

digestibility with contamination for BGH indicated that
factors within forage were limiting attachment and digestion
rate.

More information is needed on what factors determine

the rate of attachment and how attachment relates to
digestibility.
The effect or lack of an effect of mastication may be
due to any number of factors.
of soluble DM and CP.

Mastication results in loss

In addition, non-masticated forages

were chopped to mimic masticated particle length.

Thus

there may not have been a benefit due to mastication with
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regards to particle size.

Finally, a reduction in particle

size and increasing surface area does not of itself mean an
increase in digestibility.
From the results of these studies, the following ideas
and topics appear to be worth investigating in future
research efforts.
1.

The effect of various diets and sampling times on

chemical composition of rumen fluid and particle-associated
protozoa and bacteria need to be examined further, using a
wide array of feeds and early versus late time points.
2.

Use of duodenally cannulated animals may be

desirable in order to determine if the estimates of
microbial contribution to rumen digesta are consistent with
those obtained from the duodenum.
3.

Simple and rapid techniques of obtaining protozoa

and particle associated microorganisms need to be developed.
Hopefully these will lend themselves to routine laboratory
use, and result in common place correction of in situ
residues for microbial contamination.
4.

More work is needed to develop a technique to

obtain a higher proportion of particle-associated
microorganisms.
5.

A technique of eliminating microscopic plant

contamination or accurately quantifying it needs to be
developed.
6.

The chemical composition of the soluble DM and CP
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of forages needs to be examined in relation to microbial
attachment and eventual extent of digestibility.
7.

Many more forages and protein feeds need to be used

in the determination of microbial contamination and
corrected digestibility studies.

This will provide

information on patterns of microbial contamination to
different classes of feeds and the effect of microbial
association on digestibility.
8.

The effect of mastication needs further

investigation.

Chopped, ground, pulverized and masticated

samples of the same forage(s) need to be examined.

In

addition the effect of differences in the form of masticated
forage such as freeze dried, frozen, or oven dried need to
be examined.
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